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ABSTRACT
We have investigated the gas phase (P = 1 atm; T = 373 K) hydrogenation of (tertiary alkynol) 2-
methyl-3-butyn-2-ol (MBY) and (secondary) 3-butyn-2-ol (BY) over a series of carbon (C), non-
reducible (Al2O3 and MgO) and reducible (CeO2 and ZnO) supported mono- (Pd (0.6-1.2% wt.) 
and Zn (1% wt.)) and bi-metallic Pd-Zn (Pd:Zn mol ratio = 95:5, 70:30 and 30:70) catalysts 
synthesised by deposition-precipitation and colloidal deposition. The catalysts have been 
characterised by H2 chemisorption, hydrogen temperature-programmed desorption (H2-TPD), 
specific surface area (SSA), X-ray photoelectron spectroscopy (XPS) and transmission (TEM) 
and scanning transmission electron microscopy (STEM) analyses. Reaction over these catalysts 
generated the target alkenol (2-methyl-3-buten-2-ol (MBE) and 3-buten-2-ol (BE)) through 
partial hydrogenation and alkanol (2-methyl-butan-2-ol (MBA) and 2-butanol (BA))/ketone (2-
butanone (BONE)) as a result of full hydrogenation and double bond migration. The catalysts 
exhibit a similar Pd nanoparticle size (2.7 ± 0.3 nm) but modified electronic character (based on 
XPS). Hydrogenation activity is linked to surface hydrogen (from H2 chemisorption and H2-
TPD). An increase in H2:Alkynol (from 1→10) results in enhanced alkynol consumption with 
greater rate in the transformation of MBY (vs. BY); H2:Alkynol had negligible effect on product 
distribution. Reaction selectivity is insensitive to Pd site electron density with a similar response 
(SMBE = 65 ± 9% and SBE = 70 ± 8%) over Pdδ- (on Al2O3 and MgO) and Pdδ+ (on C and CeO2). 
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A Pd/ZnO catalyst delivered enhanced alkenol selectivity (SMBE = 90% and SBE = 96%) attributed 
to PdZn alloy phase formation (proved by XRD and XPS) but low activity, ascribed to metal 
encapsulation. A two-fold increase in consumption rate was recorded for Pd-Zn/Al2O3 (30:70) 
vs. Pd/ZnO with similar alloy content (32 ± 4% from XPS), ascribed to a contribution due to 
spillover hydrogen (from H2-TPD) where high alkenol selectivity was maintained. 
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The selective catalytic hydrogenation of alkynols is the main synthetic route to alkenols 
widely employed as reaction intermediates in the manufacture of fine chemicals (e.g. 
vitamins and anticarcinogenic agents).1 The process is carried out at industrial scale in 
pressurised (2-5 bar) batch liquid phase reactors over Pd catalysts.1 A shift from batch 
to continuous operation reduces the number of processing steps, which improves 
environmental performance (E-factor reduction from 23 → 3 kgwaste generated kgproduct-1).2 
Alkynols can be classified based on the number of substituents bonded to the hydroxyl 
C as primary, secondary and tertiary (i.e. one carbon, two or three, respectively). The 
work to date has primarily focused on hydrogenation of tertiary alkynols.3 The economic 
benefits of alkenol production are dependent on catalyst performance, where undesired 
condensation (to dimers), full hydrogenation (to alkanol) and double bond migration (to 
ketone) are difficult to fully avoid.4 Hydrogen uptake/release is undoubtely a critical 
factor that impacts on activity/selectivity response and is linked to metal dispersion and 
H2:Alkynol ratio. The formation of small (<4 nm) well-dispersed Pd nanoparticles is 
essential for significant hydrogen uptake and hydrogenation activity.5 Control of metal 
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dispersion is challenging using conventional catalyst preparation techniques (e.g. 
impregnation or deposition-precipitation) but this can be circumvented by the synthesis 
of metal colloids with controlled size that are loaded onto a support.6 The undesired 
formation of dimers and alkanols can be governed by hydrogen coverage on the 
catalyst surface7 which, in turn, can be influenced by the H2:Alkynol ratio, i.e. dimer 
generation and full hydrogenation are promoted at low (≤1.5)7 and high ratios (≥2.5)8, 
respectively. Alkynol hydrogenation reactions have largely been carried out where the 
H2:Alkynol (stoichiometric = 1 to alkenol production) was maintained low (typically = 1  
10-2 - 2  10-2) in both, liquid and gas phase operation.9,10 It is, nonetheless, worth 
flagging the study of Prestianni et al.,11 who examined the (gas phase) hydrogenation of 
(tertiary) 2-methyl-3-butyn-2-ol (MBY) over  unsupported Pd nanocubes using an 
H2:Alkynol ratio of 3.
The electronic properties of the Pd site is also an essential consideration that 
impacts directly on the mode/strength of reactant adsorption.12 Although this can be 
effectively modified by the Pd crystal size or the support base-acid/redox properties,13 it 
is difficult to establish a direct correlation from the existing literature for optimum alkenol 
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production. Surface defects (e.g. kinks, steps and edges) are prevalent on small (<2.5 
nm) palladium nanoparticles14 and promote undesired -C≡C- over-hydrogenation and/or 
alkenol double bond migration.15 On the other hand, (111) planes in larger (>6 nm) Pd0 
nanoparticles favour the formation of dimers.16 A "support effect" has been reported for 
supports with modified acid-base properties. Zakarina and co-workers17 and 
Bönnemann et al.18 working with several oxide (SiO2, Al2O3, MgO, CaCO3, CeO2) 
supported palladium catalysts, linked their observed increased in activity and alkenol 
selectivity in the batch liquid-phase hydrogenation of MBY and 3-hexyn-1-ol to an 
increased basicity of the support that results in the generation of electron-rich Pd 
nanoparticles. The opposite effect has also been observed, Berguerand and co-
workers19 recorded a drop in activity in the 2-butyne-1,4-diol hydrogenation linked to the 
presence of Pdδ- nanoparticles using a wide range of supports (MgO, ZnO, 
Ga2O3,Al2O3, ZrO2, SnO2, SiO2). Alkenol selectivity over supported Pd has also been 
reported to be sensitive to the introduction of a second metal and ascribed to: (i) 
blockage of Pd surface sites at corners that promote alkanol formation, (ii) electron 
transfer from/to Pd sites which impacts on the -C≡C-/-C=C- adsorption strength and/or 
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(iii) alloy formation that induces geometric and electronic modifications.12 An alloy lead-
poisoned Pd/CaCO3 (Lindlard's) catalyst is typically used at industrial scale20 but there 
is a pressing need for an alternative formulation due to the high toxicity of Pb. PdZn 
alloy has shown promise for alkenol production in pressurised batch liquid systems.8 
We have already shown21 high selectivity in the continuous gas-phase semi-
hydrogenation of MBY over an array of Pd/ZnO catalysts (activated to different 
temperatures), but control of alloy composition was a decided drawback. We have now 
extended that work to consider a series of Al2O3 supported Pd-Zn colloidal catalysts as 
a means of controlling alloy composition.
Our intended objective in undertaking this study was to provide a systematic 
analysis of the critical parameters (H2:Alkynol, characteristics of the support and Pd-Zn 
alloy) in the synthesis of tertiary and secondary alkenols through partial hydrogenation 
of the correspondent alkynol. We have selected 2-methyl-3-buten-2-ol (MBE) and 3-
buten-2-ol (BE), with multiple applications in the synthesis of vitamins and tocopherols,1 
as model molecules. We have examined the dependence of alkynol hydrogenation on 
H2 partial pressure over Pd/Al2O3, as a benchmark. We also address the impact of the 
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nature of the support for Pd supported on a group of carbon, reducible (CeO2 and ZnO) 
and non-reducible oxides (Al2O3, MgO) with modified acid-base properties as well as 
the effect of alloy formation for an array of 
Pd-Zn/Al2O3 catalysts prepared by colloidal deposition.
EXPERIMENTAL
Catalysts Preparation
MgO, CeO2, ZnO, 1.2% wt. Pd/Al2O3 (denoted Pd/Al2O3-I in this work) and 1.0% wt. 
Pd/C were purchased from Sigma-Aldrich while the Al2O3 support was obtained from 
Alfa Aesar. Laboratory synthesis of Pd/MgO (0.9% wt.), Pd/CeO2 (0.8% wt.) and 
Pd/ZnO (1.1% wt.) by deposition-precipitation (with urea as a base) followed a prior 
procedure.22 In addition, a series of Al2O3 supported colloidal catalysts (Pd/Al2O3-II, 
Zn/Al2O3, Pd-Zn/Al2O3 (Pd:Zn molar ratios = 95:5, 70:30 and 30:70)) were prepared by 
deposition of (ex-situ) synthesised monodispersed Pd, Zn and Pd-Zn nanoparticles 
prepared by a solvent (aka. Polyol) method described in detail elsewhere.23 Briefly, 
poly-n-vinyl pyrrolidone (0.38 g, monomer:metal = 10:1) was mixed with anhydrous 
Page 8 of 67
ACS Paragon Plus Environment






























































ethylene glycol (60 cm3) and ZnCl2 in a two-necked round-bottom flask, stirred for 1 h at 
353 K and cooled to 273 K in an ice bath (solution 1). In a separate two-necked, round-
bottom flask, palladium (II) acetate (0.03-0.07 g) was dissolved in 1,4-dioxane (20 cm3) 
under vigorous stirring for 2 h (solution 2). Both solutions were mixed (under continuous 
stirring) to ensure homogenization where the pH was adjusted to pH 9–10 by addition of 
an aqueous NaOH solution (1-2 cm3, 1 M). The resulting (bright yellow) solution was 
capped and heated at 373 K under vigorous stirring for 2 h. A change in colour took 
place (yellow → dark brown) indicative of colloid formation.24 The solution was cooled (to 
room temperature) and the colloids purified (with excess acetone, ~1000 cm3) and 
redispersed (in MeOH). The nanoparticles were deposited on the Al2O3 support by 
deposition as described previously.23 Prior to use, the catalysts were sieved (75 μm) 
and reduced (60 cm3 min-1, H2; BOC, ≥99.99%) at 2 K min-1 to 373-573 K in order to 
ensure formation of Pd0.25 Post-activation, the systems were cooled (to ambient 
temperature) and passivated (30 cm3 min-1, 1% v/v O2/He, 1 h) for (ex-situ) 
characterisation by TEM/STEM and XPS analyses.
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The Pd and Zn content was determined by inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) using the commercial Perkin–Elmer Optima 4300 ICP-OES 
spectrometer. Prior to analysis, the catalysts were treated in concentrated acid (HNO3, 
343 K, 12 h). Specific surface area (SSA), H2 titration (at room temperature and/or 373 
K) and hydrogen temperature-programmed desorption (H2-TPD) were performed using 
the CHEM-BET 3000 (Quantachrome) unit. Total SSA was determined using the 
standard (single point) method. The samples were outgassed (60 cm3 min-1, He, 373 K, 
overnight)26 and cooled (to room temperature). SSA were recorded with a (30 cm3 min-1) 
50% v/v N2/He flow with pure N2 (BOC, 99.9%) as an internal standard. Two cycles of 
N2 adsorption–desorption (in the flow mode) were employed to determine total SSA. 
The samples were reduced (17 cm3 min-1, 5% v/v H2/N2, 2 K min-1 to 373-573 K) and 
kept at the final temperature for 1 h. The reduced sample was swept with a flow of N2 
(60 cm3 min-1, 1.5 h) in order to remove any physisorbed hydrogen and maintained (at 
373 K) or cooled (room temperature) to undergo a pulse (30 μl) H2 titration procedure; 
there was no detectable H2 uptake on the support alone. The samples were thoroughly 
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flushed in N2 (60 cm3 min-1, 30 min) and H2-TPD (50 K min-1 to 973 K) was conducted in  
the same flow. The reproducibility of SSA and H2 chemisorption/desorption values was 
within ±10%; the values quoted in this study are the mean. Transmission (TEM) and 
scanning transmission electron microscopy (STEM) analysis were conducted using a 
JEOL JEM 2011 TEM and JEOL 2200FS field emission gun-equipped TEM unit, 
respectively. The specimens were crushed and deposited (dry) onto a holey carbon film 
supported on a Ni grid (300 Mesh). The surface area-weighted metal diameter (d) quoted 
in this paper is based on a measurement of up to 800 individual particles, calculated 
from:
                                (1)
where ni represents number of particles of diameter di. Particle size was also 
determined by room temperature H2 chemisorption measurements (dH2; stoichiometric 
Pd:H = 1).27 X-ray photoelectron spectroscopy (XPS) analysis was carried out using a 
Scienta ESCA 300 spectrometer with monochromatised Al-Kα radiation (1486.6 eV). 
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spectra (over the Pd 3d5/2, Pd 3d3/2 and Pd 3p3/2 core levels).  The C 1s peak, centered 
at 284.5 eV, was employed as reference to compensate for charging effects. Spectra 
curve fitting/quantification employed the Casa XPS software (version 2.3.17), using 
Shirley background and Gaussian Lorentzian curves (GL30). The band width (FWHM) 
spanned the range 1.5-2.5 eV while the Pd 3d5/2 position (-5.26 eV) and intensity 
relative to Pd 3d3/2 peak (+1.5-fold) were fixed.28 The same fitting procedure was 
employed in determining the Pd 3p3/2 position, with deconvolution of the O 1s peak as 
described in detail elsewhere.29
Catalytic System
The gas phase (P = 1 atm, T = 373 K) hydrogenation of MBY and BY (Sigma-Aldrich, 
≥97%) was carried out (in situ) post catalyst activation in a (continuous) fixed-bed 
vertical glass reactor (15 mm internal diameter). The reactor was operated under 
conditions that guaranteed negligible heat and mass transport constrains. A pre-hetaing 
zone (i.e. layer of (1 mm) borosilicate glass beads) served to ensure the vaporisation of 
the alkynol reactant and that it reached 373 K before contacting the catalyst bed. The 
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catalyst bed was thoroughly mixed with ground glass (75 μm diameter) to maintain 
isothermal conditions (±1 K). Bed temperature was monitored (continuously) using a 
thermocouple inserted in the catalytic bed. A microprocessor controlled infusion pump 
(Model 100, kd Scientific) was used to deliver a (1-butanol, Sigma-Aldrich, ≥97%) 
alkynol solution to the reactor via a glass/teflon air-tight syringe (Hamilton) and teflon 
line at a fixed rate. A co-current stream of alkynol and H2 or H2/N2 (PH2 = 4 × 10-2 – 3 × 
10-1 atm) was kept at gas hourly space velocity (GHSV) = 1 × 104 h-1 and monitored 
using a digital flowmeter (Model 520, Humonics). The molar palladium to inlet molar 
alkynol feed rate ratio (n/F) spanned the range 8 × 10-6 – 1 × 10-4 h. As blank tests, 
passage of each (alkynol) reactant in a stream of hydrogen through the empty reactor or 
over the (oxide/carbonaceous) support alone (i.e. without catalyst) did not result in any 
measurable conversion. The condensable reactor effluent was frozen in an ice-bath trap 
for off-line (capillary) GC analysis (Perkin-Elmer Auto System XL gas chromatograph, 
FID, Stabilwax 30 m × 0.32 mm i.d., 0.25 μm column (RESTEK), TotalChrom 
Workstation) and the reactant and product(s) molar fractions were determined from 
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calibration plots (not shown). The products, 2-methyl-3-buten-2-ol (98%), 2-methyl-
butan-2-ol (99%), 3-buten-2-ol (97%), 2-butanol (99.5%) and 2-butanone (99%) were 
obtained from Sigma-Aldrich and used as received. Alkynol conversion (Xi) was 
determined by: 








where selectivity in terms of (for example) alkenol (SAlkenol) is given by:









Catalytic activity is also quantified in terms of steady-state (after ca. 3 h) alkynol 
consumption rate (R, molAlkynol gPd-1 h-1), obtained from time on-stream conversion 
data.30 Repeated (up to three separate) catalytic runs with different systems from the 
same catalyst batch delivered raw data reproducibility and carbon mass balance that 
was within ±6%. 
RESULTS AND DISCUSSION
The selectivity response is crucial as alkynol hydrogen treatment can result in the 
formation of several intermediates/by-products as shown in Figure 1, which includes the 
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reaction networks for the transformation of  MBY (I) and BY (II) based on the paths 
proposed for liquid phase -C≡C- bond hydrogenation.31 Step A represents the target -
C≡C-  -C=C- alkenol semi-hydrogenation. Further hydrogenation results in alkanol 
formation (Step B), which has been ascribed to surface alkenol activation (via di-δ) on 
Pd planes.32 Alkanol can also be generated directly from the alkynol (Step C) through -
C≡C- dissociative adsorption on Pd surface defects.33 The formation of dimers (Step D) 
can result from condensation of two semi-hydrogenated alkene species and has been 
linked to the formation of vinyl radicals (●CH=CH2) on surface Pd planes at H2:-C≡C- ≤ 
1.57 and P-C≡C- ≥ 0.02 kPa34. 2-Butanone formation (BONE) (Step E) via double bond 
migration and keto-enol tautomerisation is also favoured on palladium surface defects.15 
The catalysts used in this study promoted only hydrogenation (to MBE, MBA, BE and 
BA) and double bond migration steps (to BONE) under all reaction conditions, whereas  
no dimerisation was observed in the transformation of MBY and BY unlike previous 
work.10 
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Effect of Hydroxyl Group Position and Hydrogen Partial Pressure
We first examined the catalytic response of commercial Pd/Al2O3-I (used as a 
benchmark catalyst) in the (gas phase) hydrogenation of tertiary (MBY) and secondary 
(BY) alkynols, where the inlet hydrogen has been modified from excess (H2:Alkynol up 
to 10) to stoichiometric conditions.
Catalyst Characterisation: Pd/Al2O3-I
The STEM analysis post-activation revealed a highly dispersed palladium phase (see 
representative image in Figure 2(I)) with a preponderance of nanoparticles in the 1-3 nm 
size range. The histogram in Figure 2(II) shows a narrow metal-size distribution and a 
small mean diameter (d = 3.0 nm). A palladium particle size of  dH2 = 3.6 nm was 
calculated from H2 chemisorption (see methodology in Experimental section) that is in 
good aggrement with the value obtained from STEM measurements. The XPS profile 
over the Pd 3d binding energy (BE) region is given in Figure 2(III). A two doublet system 
is in evidence for the reduced sample, spanning the range ca. 332-344 eV. The Pd 3d5/2 
BE value for the main (79%; Table 1) doublet (334.9 eV) is lower than that characteristic 
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of palladium bulk metal (335.1 eV),35 suggesting the existence of electron-rich palladium 
particles (Pdδ-) linked to electron transfer from the alumina support.36 The appearance 
of the two secondary (21%) peaks with BE Pd 3d5/2 = 336.9 eV and Pd 3d3/2 = 341.2 eV 
can be attributed to Pd2+,35 due to formation of surface PdO during the passivation 
step.37
Catalytic Response over Pd/Al2O3-I
Catalytic activity (R; molAlkynol gPd-1 h-1) and selectivity (Sj; %) in the hydrogenation of 
MBY (I) and BY (II) at the same degree of conversion (XAlkynol ~ 25%) is illustrated as a 
function of H2:Alkynol molar ratio in Figure 3. The experimentally determined 
hydrogenation rate of the two alkynols increased linearly with increasing H2 content in 
the feed. The noncompetitive nature of reactive alkyne/hydrogen adsorption has been 
established theoretically for 1-butyne hydrogenation in liquid phase over Pd/Al2O338 and 
is consistent with experimental work that has demonstrated a first order dependence in 
hydrogen coverage for the (gas phase) hydrogenation of acetylene39 but we present 
here, for the first time, catalytic data for continuous gas phase operation using 
Page 17 of 67
ACS Paragon Plus Environment






























































functionalised alkynes (alkynols). The hydrogenation rate of the tertiary alkynol (MBY) 
was (ca. 2-fold) greater than that of the secondary (BY) over the entire H2:Alkynol 
interval that was examined. Although we could find no comparable published catalytic 
study for the gas phase hydrogenation of alkynols, Aramendia et al.40 reported a similar 
two-fold greater hydrogenation rate in the liquid phase (P = 4 bar, T = 306 K) 
transformation of MBY (compared to BY) over Pd/Sepiolite. The hydrogenation of 
alkynes has been suggested to proceed through an electrophilic mechanism41 where 
the presence of an additional (electron donor) methyl substituent on the -OH carbon (in 
MBY vs. BY) increases electron density at the -C≡C- bond (positive inductive effect) 
favouring the hydrogen attack.
We observe the formation of products from partial (MBE and BE) and full 
hydrogenation (MBA and BA) in the transformation of MBY and BY while 2-butanone 
(BONE) formation from double bond migration was recorded in the conversion of BY. 
The hydrogen content in the feed did not influence the selectivity response in the 
conversion of MBY or BY and a similar product distribution was maintained at each 
H2:Alkynol (MBY → SMBE = 62 ± 3%, SMBA = 38 ± 3%; BY → SBE = 69 ± 3%, SBA = 19 ± 
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3%, SBONE = 12 ± 2%). Our results are in agreement with published work showing a 
similar selectivity for the gas phase hydrogenation of isoprene over a hydrotalcite 
supported Cu catalyst under conditions of modified hydrogen content (H2:Reactant = 1-
11) in the feed.42 We observe a lower selectivity to the desired alkenol in the 
hydrogenation of tertiary MBY (SMBE ~60%) relative to BY (SBE ~70%). This can be 
ascribed to differences in the alkynol/alkenol adsortpion strength (KAlkynol/Alkenol), i.e. a 
stronger adsorption of the -C≡C- functionality (relative to -C=C-) on the Pd surface for 
BY compared to MBY (KMBY/MBE = 19 vs. KBY/BE = 35)40 favours the desorption of the 
alkenol intermediate by displacement. The formation of 2-butanol (SBA = 19 ± 3%) was 
greater than 2-butanone generation (SBONE = 12 ± 2%), i.e. preferential hydrogenation 
(Steps B+C in Figure 1(II)) relative to double bond migration (Step E), which can be 
linked to the inhibited formation of the π-allyl intermediate involved in the formation of 2-
butanone.43 The results in this section clearly demonstrate that the hydrogen content in 
the feed had a minor impact on reaction selectivity in the hydrogenation of tertiary 
(MBY) and secondary (BY) alkynols. We focus our attention then on the role of the 
support. 
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Effect of the Support
The acid-base and/or redox chemistry of the support can induce electron transfer13 
from/to the support to the Pd phase resulting in the formation of negatively (electron-
enriched) or positively charged palladium nanoparticles which can impact on reactant 
adsorption/activation and catalytic performance in hydrogenations.13 In this section, we 
evaluate the hydrogenation of MBY and BY over Pd supported on reducible and non-
reducible supports with modified acidity. We consider a series of catalysts with similar 
Pd loading (0.8-1.2% wt.; Table 1) that facilitates a direct comparison to determine the 
role of the support. 
Catalyst Characterisation: Oxide and Carbon Supported Pd Catalysts
The main physico-chemical properties of the oxide and carbon supported Pd catalysts 
are presented in Table 1. STEM analysis of commercial and laboratory synthesised Pd 
supported systems demonstrates a similar mean particle size of 2.9 ± 0.1 nm (Table 1). 
Consistent (mean) nanoparticle sizes determined from STEM and H2 chemisorption 
were obtained for Pd supported on non-reducible oxides and carbon (i.e. Pd/Al2O3-I (3.3 
Page 20 of 67
ACS Paragon Plus Environment






























































± 0.3 nm),  Pd/C (2.9 ± 0.1 nm) and Pd/MgO (3.5 ± 0.5 nm)). A similar metal dispersion 
(7-10% error) was reported by Mustard and Bartholomew44 using microscopy and H2 
chemisorption measurements in the analysis of non-reducible (Al2O3 and SiO2) 
supported Ni catalysts. There are discrepancies in the results generated with both 
techniques for the remaining two Pd supported on reducible oxide (i.e. CeO2 and ZnO) 
catalysts, a response that suggests some involvement of the support which influences 
hydrogen uptake. Metal encapsulation and alloy formation are two possible sources that 
can inhibit uptake, resulting in an over-estimation of metal particle size.44 The term 
"encapsulation" can be defined as a partial/total blockage of the catalytic active (metal) 
sites by a (thin) layer of reduced oxide support 45 and is a documented feature of Pd 
supported on ZnO post-activation (in H2) to 423 K.46 Moreover, the incorporation of a 
second metal (e.g. Cu and Ag)47 to Pd resulted in a reduction in H2 uptake attributed to 
alloy formation. The generation of a supported PdZn alloy phase in Pd/ZnO can occur 
following partial reduction of the ZnO support by hydrogen generated on Pd0 during 
thermal treatment in H2 to T ≥ 373 K.48 The positive deviation on the particle size 
determination on Pd/ZnO can be tentatively linked to partial encapsulation by the ZnO 
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support and/or PdZn alloy formation that lowers hydrogen chemisorption capacity. 
Under-estimation of metal size can be the result of H2 consumption by the support. 
Indeed, there is reported evidence that have shown room temperature hydrogen 
spillover for Pd/CeO2 that results in "partial" reduction of ceria.49 The application of 
electron microscopy for the determination of metal nanoparticle size has certain 
limitations that can result in innacurate size estimation, e.g. poor contrast between the 
metal nanocrystals and the support that results in an over-estimation of the mean 
particle size and difficulties in the detection of metal particles with sizes <1 nm.28 
Although both (microscopy and chemisorption) techniques should complement each 
other, our results suggest that the titration analysis for the reducible oxide supported 
catalysts does not provide a reliable measure of palladium size, STEM gives the more 
accurate metal size. Hydrogen chemisorption is, however, a key consideration in 
hydrogenation processes. Hydrogen uptake under reaction conditions (373 K) was 
considerably lower than that recorded at ambient temperature for all the catalysts, which 
can be linked to the exothermic nature of hydrogen chemisorption over Pd metal, 
making the process less favourable as temperature increases.50 Hydrogen 
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chemisorption on Pd/Al2O3-I, Pd/C and Pd/MgO (1.4 ± 0.2 mmol gPd-1) was equivalent 
and in line with values reported elsewhere (0.7-2.4 mmol gPd-1)51 for supported Pd 
catalysts with the same metal content. Pd/CeO2 and Pd/ZnO exhibit the lowest (0.9 
mmol gPd-1) and highest hydrogen chemisorption values (4.7 mmol gPd-1), respectively, 
displaying the same trend as previously obtained at room temperature. 
The electronic properties of the palladium phase were analysed by XPS over the 
Pd 3d BE region with peak deconvolution, as presented in Figure 4 for Pd/ZnO, as 
representative; the results for the Pd 3d5/2 peaks are shown in Table 1. In this region of 
the 3d5/2 signals Pd/C, Pd/CeO2 and Pd/ZnO exhibit a main (50-90%) component with 
BE (334.7-335.8 eV) close to Pd0 (335.1 eV)35 and a secondary (10-22%) peak (BE = 
336.9-337.4 eV) that can be ascribed to Pd2+ from passivation.37 The BE associated 
with the principal Pd 3d5/2 signal shows a clear dependence on the support. Previous 
studies have reported a positive shift to higher (+0.6 eV) binding energies with a 
decrease in metal particle size (from 8 nm to <1 nm)52 ascribed to a decrease on the 
electron density of Pd that affects its d band.53 In this study, all the catalysts exhibit an 
equivalent particle size which suggests that this effect alone cannot account for the 
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modification of the main Pd 3d5/2 peak BE. A shift of BE to lower/higher values can also 
be the result of interactions with the support. Pd/ZnO exhibits a BE (334.7 eV) that is ca. 
0.4 eV lower than metallic palladium indicative of electron-rich (Pdδ-) active sites which 
are ascribed to electron donation from the basic support.54 The presence of Pdδ+ on C 
and CeO2 follows from the recorded (0.3-0.7 eV) higher BE (compared to Pd0) that can 
be linked to Pd → support electron transfer.55 The ocurrence of the MgKL1L23 peak 
originating from the support lies in the region of the 3d5/2 signal of Pd0 (335.1 eV)35 and 
Pd2+ (336.3 eV).35 Consequently, the electronic properties of the palladium component 
in Pd/MgO were examined by analysing the binding energy of Pd 3p3/2,29 which offers 
an alternative to the use of a non-monochromatised MgKα (1253.6 eV) radiation.56 
Pd/MgO exhibits a Pd 3p3/2 BE of 530.5 eV which is lower than that characteristic of Pd0 
(531.4 eV),57 consistent with the presence of Pdδ-. The Pd/ZnO spectrum (Figure 4) 
presents an additional signal at Pd 3d5/2 of 335.8 eV (Table 1) that can be attributed to 
the occurrence of a PdZn alloy phase.46 Tew et al.,58 demonstrated (by XRD and XAS) 
formation of PdZn alloy (at 373 K) on the Pd surface of Pd/ZnO that progresses into the 
bulk with increasing the temperature.  
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The characterisation analyses prove formation of nano-scale Pd particles with 
similar mean size (2.9 ± 0.1 nm) but different electronic properties and hydrogen uptake 
capacities.
Catalytic Response over Oxide and Carbon Supported Pd Catalysts
The effect of the support on alkynol hydrogenation rate (R) and selectivity response is 
shown in Figure 5. A similar hydrogenation rate was obtained in the hydrogenation of 
MBY (62 ± 5 molMBY gPd-1 h-1) and BY (36 ± 6 molBY gPd-1 h-1) over Pd/Al2O3-I, Pd/C and 
Pd/MgO while Pd/ZnO, with the lowest hydrogen uptake (Table 1), delivered the lowest 
MBY (35 molMBY gPd-1 h-1) and BY (20 molBY gPd-1 h-1) transformation rate. This result 
indicates that the nature of the support does not affect considerably hydrogenation rate, 
which is governed by the hydrogen uptake. Bragina and co-workers,59 working with a 
series of oxide supported Pd catalysts, associated their observed increase in 
diphenylacetylene hydrogenation to higher hydrogen concentration where the nature of 
the support did not affect the activity/selectivity response. The opposite effect has also 
been reported, where a greater activity over Pd/CaCO3 (vs. Pd/Al2O3, Pd/Charcoal and 
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Pd/CeO2) was recorded by Bönnemann and co-workers18 and attributed to the presence 
of Pdδ-, that lowers the strength of alkyne interaction with palladium sites.12 Pd/CeO2 
with greater hydrogen chemisorption (Table 1) delivered equivalent activity, which 
further confirms that the additional chemisorbed hydrogen is consumed by the support 
and does not contribute to hydrogenation activity under the reaction conditions applied.
With respect to product distribution, Pd/ZnO delivered a significantly greater 
alkenol selectivity (SMBE = 90%; SBE = 96%) compared with the rest of the systems. This 
suggests that the electronic modifications on Pd catalyst linked to the the interactions 
with the support are playing a minor role where the increased olefin selectivity over the 
Pd/ZnO catalyst can be tentatively attributed to PdZn alloy formation and partial 
encapsulation that serves to decrease Pd coordination number (i.e. smaller ensemble 
size)60 and (partially) cover palladium defect sites.61 
Promoting Effect of Zn in Pd for Pd-Zn Colloids Supported on Al2O3
We evaluated in this section the possibility of Zn promotion over Pd by deposition (on 
Al2O3) of a series of bimetallic colloids with varying Pd:Zn molar ratios ((95:5), (70:30) 
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and (30:70)). We compare the results with those obtained over two monometallic 
(colloidal) Pd/Al2O3-II and Zn/Al2O3 and examined the effect of PdZn alloy formation for 
alkynol hydrogenation (using MBY and BY) in catalytic systems with Pd, Zn and PdZn 
active sites, evaluating individually the contribution of each of them. The catalytic action 
of three physical mixtures (Pd/Al2O3-II+Zn/Al2O3) was also considered for comparison 
purposes. 
Catalyst Characterisation: Colloidal Pd and Pd-Zn Supported on Al2O3
Pertinent chemical and physical properties of the colloidal catalysts in this study are 
given in Table 2. Representative medium (I) and higher (inset in (I)) magnification TEM 
images of Pd-Zn/Al2O3 (95:5 (A), 70:30 (B), 30:70 (C)) are presented in Figure 6 and 
serve to illustrate the nature of metal particle morphology (size and shape) for the four 
Pd-containing colloidal systems. The catalysts present pseudo-spherical metal particles, 
a typical shape for PVP stabilised Zn and Pd colloids,62 with similar size distribution 
(size range 1–6 nm, Figure 6(II)) and mean (2.7 ± 0.2 nm; Table 2). XPS analysis was 
carried out to provide some insight into Pd–Zn surface interactions. The results for 
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Pd/Al2O3-II (profile (I)), Pd-Zn/Al2O3 (95:5) (II), Pd-Zn/Al2O3 (70:30) (III) and Pd-Zn/Al2O3 
(30:70) (IV) are presented in Figure 7; the Pd 3d5/2 BE are given in Table 2. After 
deconvolution, the Pd 3d5/2 spectra for the four Pd-containing systems present two 
peaks characteristic of Pdδ- (334.8 ± 0.2 eV) and Pd2+ (336.9 ± 0.2 eV), similar to those 
recorded for Pd/Al2O3-I (Figure 2(III) and Table 1) with equivalent metal dispersion, 
suggesting similar particle size and metal-support interaction that is independent of the 
preparation method. Pd-Zn/Al2O3 presented and additional peak at higher (335.6 ± 0.2 
eV) BE characteristic of PdZn alloy48 with a concomitant decrease in Pdδ- and increase 
in PdZn with enhanced Zn content. Hydrogen pulse titration measurements at reaction 
temperature demonstrate a significantly lower H2 chemisorption for Pd/Al2O3-II relative 
to Pd/Al2O3-I, which can be linked to an adsorption site coverage by the PVP stabiliser 
in the colloidal system.63 We observed an equivalent (0.5 ± 0.1 mmol gPd-1) H2 uptake 
for the monometallic Pd/Al2O3-II and bimetallic Pd-Zn/Al2O3 catalytic systems, indicative 
of hydrogen uptake by the PdZn alloy, in agreement with published work.64 
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Catalytic Response over Colloidal Pd and Pd-Zn Supported on Al2O3
Monometallic Pd/Al2O3-II delivers a similar catalytic response than Pd/Al2O3-I and 
exhibits the lowest alkenol selectivity (SMBE = 64%; SBE = 66%) among all the colloidal 
catalysts subjected to study. Under the same reaction conditions Zn/Al2O3 was inactive, 
which can be attributed to the incapacitity of zinc for hydrogen adsorption/activation,65 
consistent with the absence of hydrogen uptake at reaction temperature (Table 2). The 
catalytic response for the Pd/Al2O3-II+Zn/Al2O3 physical mixtures was demonstrated 
under conditions where the Pd content was kept constant in the catalytic bed and the 
Pd:Zn mol ratio varied (95:5, 70:30 and 30:70) by adding different quantities of the 
Zn/Al2O3 catalyst. The results shown in Figure 8 for the hydrogenation of MBY (I) and 
BY (II) demonstrate that, for this operational window, the activity over the three 
Pd/Al2O3-II+Zn/Al2O3 combinations coincide with that recorded over Pd/Al2O3-II (i.e. 124 
± 7 molMBY gPd-1 h-1; 66 ± 4 molBY gPd-1 h-1). Moreover, product distribution over the three 
physical mixtures was also similar to that observed for Pd/Al2O3-II (i.e. SMBE = 63  ±  2%, 
SMBA = 37  ±  1%; SBE = 68 ±  2%, SBA = 20 ± 1%, SBONE = 13 ± 1%). This suggests that 
introduction of Zn/Al2O3, as a physical mixture with Pd/Al2O3-II, does not have an impact 
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on catalytic performance, which is governed by the Pd component. The three 
(bimetallic) Pd-Zn/Al2O3 catalysts were tested under similar reaction conditions (i.e. 
constant Pd content in the bed). The results in Figure 8 show a similar alkynol 
consumption rate for Pd-Zn/Al2O3, Pd/Al2O3-II+Zn/Al2O3 and Pd/Al2O3-II, a result that is 
consistent with the equivalent hydrogen chemisorption under reaction conditions (0.5 ± 
0.1 mmol gPd-1; Table 2). In contrast, the selectivity response is remarkable, in that the 
three Pd-Zn/Al2O3 catalysts promoted a greater selectivity (up to SMBE = 86% and SBE = 
92%) to the target alkynol whereas Pd/Al2O3-II and Pd/Al2O3-II+Zn/Al2O3 promoted over-
hydrogenation (to alkanol; steps B and C in Figure 1) and double bond migration (to 
butanone; step E) to a significantly greater extent (SMBE ≤ 64% and SBE ≤ 69%); full 
hydrogenation and double bond migration inhibition was observed with increasing Zn 
content. The switch from over-hydrogenation/double bond migration (Pd/Al2O3-II and 
physical mixtures) to preferential partial hydrogenation (Pd-Zn/Al2O3) is indicative of 
differences in alkynol interation where preferential -C≡C- → -C=C- occurs on the 
supported bimetallics. The incorporation of a second metal in bimetallic Pd-containing 
catalysts can result in geometric and/or electronic modifications,12 which impacts on 
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catalytic (activity/selectivity) performance. A Ag →Pd electron donation generates 
palladium nanocrystals with a partial negative charge (Pdδ-), increasing the rate of triple 
bond hydrogenation while decreasing the rate of double bond hydrogenation.66 
Moreover, incorporation of Cu has been reported to induce geometrical changes on the 
Pd active sites leading to a partial blockage of low-coordination metal atoms and/or a 
decrease in the size of surface Pd ensembles, active sites for over-hydrogenation 
and/or double bond migration.67 The increase in alkenol production that we observe can 
be tentatively attributed to a reduction of Pdδ- surface concentration (from 80% to 37%, 
Table 2) due to PdZn alloy that decreases the number of palladium atoms on surface 
ensembles responsible for unselective reactions. We cannot discount a partial coverage 
of (unselective) low-coordinated Pd kinks and corner sites by the Zn component due to 
its lower surface tension (0.99 J m-2) relative to Pd (2.03 J m-2).48 Indeed, at 373 K, Zn 
atoms can diffuse to the surface and interact with Pd to form a thermodynamically 
stable PdZn alloy  (ΔH = -100.4 kJ mol-1) on Pd planes and/or defects sites.48 Wang et 
al.,67 investigated the (liquid phase) hydrogenation of  phenylacetylene over a series of 
Al2O3 supported Pd-Zn catalysts (Zn:Pd molar ratios 91:9 - 86:14) and reported the 
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highest yield to the target olefin (YEthylbenzene ~ 90%) at full conversion over the bimetallic 
system with the highest Zn content ascribed to Pd → Zn electron transfer and PdZn alloy 
formation that blocks unselective active sites. We provide here, for the first time, the 
results over a highly active and selective Pd-Zn catalyst for continuous production of 
secondary and tertiary alkenols.
Catalytic properties of PdZn are sensitive to changes on the support. A similar 
alkenol selectivity (SMBE = 89 ± 3% and  SBE = 94 ± 2%) was recorded for Pd/ZnO and 
Pd-Zn/Al2O3 (30:70) with equivalent PdZn alloy content (32 ± 4%). However, a (2-fold) 
lower hydrogenation rate was obtained over Pd/ZnO compared to the colloidal catalyst. 
In contrast, Pd/Al2O3-II delivered equivalent activity but lower selectivity to the target 
alkenol than Pd-Zn/Al2O3 (30:70) (Figure 8). It should, however, be noted a similar 
hydrogen uptake for the three catalysts (0.7 ± 0.3 mmol gPd-1; Tables 1 and 2). The 
hydrogenation of -C≡C- bond-containing chemicals can be elevated by contributions 
due to spillover hydrogen (atomic hydrogen produced through dissociative adsorption of 
H2 on supported metal sites that can migrate to the support). H2-TPD is a practical 
measurement that can be used to quantify spillover hydrogen; the H2 TPD profiles for 
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Pd/ZnO (I), Pd-Zn/Al2O3 (30:70) (II) and Pd/Al2O3-II (III) are shown in Figure 9. The 
profile obtained for Pd/ZnO was featureless, indicative of hydrogen consumption by the 
ZnO support during TPR and consistent with the recorded hydrogen chemisorption 
measurements, i.e. atomic hydrogen spills from the Pd sites to the support resulting in 
"partial" ZnO → ZnO1-x reduction (at the metal-support interface) with generation of a 
PdZn alloy phase.68. In contrast, over the same temperature range, Pd-Zn/Al2O3 (30:70) 
and Pd/Al2O3-II exhibited a broad positive signal (H2 released) at T > 503 K where the 
total amount desorbed was similar and significantly greater (by a factor of ca.12) than 
taken up in the titration step. This result indicates that the hydrogen released from the 
Pd-Zn/Al2O3 (30:70) and Pd/Al2O3-II samples is predominantely spillover hydrogen 
formed during the activation step by H2-TPR.69 
The elevated rate recorded in this work over Pd-Zn/Al2O3 (30:70) can be correlated 
with surface available reactive hydrogen where H2-TPD is related to alkynol 
consumption rate. A similar effect has been reported elsewhere70 in the hydrogenation 
of acetylene over a series of Pd-Ag/Al2O3 catalysts with a different Ag content, where an 
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increase in the amount of hydrogen desorbed (based on TPD measurements) resulted 
in greater catalytic activity. 
Conclusions
We have demonstrated that the formation of a Pd-Zn alloy phase can influence 
catalytic response in Pd promoted gas phase hydrogenation of tertiary (2-methyl-3-
butyn-2-ol (MBY)) and secondary (3-butyn-2-ol (BY)) alkynols. Catalyst characterisation 
of Pd nanoparticle size by (room temperature) H2 chemisorption and TEM/STEM was 
carried out where the latter is shown to provide the most reliable results. Hydrogen 
titration leads to erroneous results due to metal encapsulation, alloy formation and/or 
consumption by the support. Alkynol consumption rate correlates with H2 chemisorption 
capacity. An increase in H2:Alkynol was accompained by enhanced hydrogenation rate 
in the conversion of MBY and BY, albeit a similar product composition. The nature of 
the support (carbon, Al2O3, MgO, CeO2) affects the electronic properties of the Pd 
phase (proved by XPS) but did not influence significantly catalytic activity or selectivity 
for a series of catalysts with similar metal nanoparticle size (2.9 ± 0.1 nm). In total 
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contrast, Pd/ZnO delivered a significantly greater selectivity to the target olefin, which is 
attributed to the generation of a PdZn alloy (based on XPS). The beneficial role of 
spillover hydrogen has been established where increased surface hydrogen content 
enhances alkenol production over Pd-Zn/Al2O3 (30:70) compared to Pd/ZnO with similar 
PdZn alloy content. 
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Table 1: Physico-chemical characteristics of the oxide and carbon supported Pd catalysts.
Pd/Al2O3-I Pd/C Pd/MgO Pd/CeO2 Pd/ZnO
Pd content (%wt.) 1.2 1.0 0.9 0.8 1.1
SSA (m2 g-1) 145 870 95 37 8
da / dH2b (nm) 3.0 / 3.6 2.8 / 3.0 3.0 / 3.9 3.0 / 1.0 2.9 / 5.6
H2 chemisorption (mmol gPd -1)c 1.4 1.6 1.2 4.7 0.9
Pd0 (%) 334.9 (79) 335.8 (90) d 335.4 (90) 334.7 (50)
PdZn (%) - - - - 335.8 (28)
XPS Pd 3d5/2 
binding energies 
(eV)
Pd2+ (%) 336.9 (21) 337.4 (10) d 337.2 (10) 336.9 (22)
avalue obtained from STEM/TEM measurements; bvalue from room temperature H2 chemisorption 
analysis; chydrogen uptake at 373 K; dsignals recorded at 530.5 eV for Pd0 or MgO. 
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(% wt.) 0.7 - 1.0 0.8 0.6
Pd:Zn molar ratio - 0 95:5 70:30 30:70
SSA 
(m2 g-1) 50 41 42 42 42
H2 chemisorption 
(mmol gPd-1)a
0.4 b 0.5 0.6 0.5
Metal size range 
(nm)c 1-5 - 1-5 1-5 1-6
d 
(nm)c 2.5 - 2.5 2.6 2.9
Pd0 (%) 335.0 (80) - 334.7 (65) 335.0 (39) 334.9 (37)





(eV) Pd2+ (%) 337.1 (20) - 336.7 (30) 336.8 (30) 336.7 (27)
ahydrogen uptake at 373 K; babsence of hydrogen uptake; cvalue obtained from STEM/TEM measurements.
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Figure 1: Reaction pathways in the hydrogenation of (I) 2-methyl-3-butyn-2-ol (MBY) and (II) 
3-butyn-2-ol (BY).
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Figure 2: (I) Representative high magnitication STEM image with (II) associated Pd particle 
size distribution and (III) XPS spectrum over the Pd 3d region for Pd/Al2O3-I. Note: XPS raw 
data is shown as open simbols () while curved fitted and envelope is represented by solid and 
dashed lines, respectively.
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Figure 3: Variation of selectivity (Sj, bars) and alkynol transformation rate (R, ) with 
H2:Alkynol molar inlet ratio in the hydrogenation of (I) MBY to MBE (open bars) and 
MBA (solid bars) and (II) BY to BE (open bars), BA (solid bars) and BONE (grey bars) 
over Pd/Al2O3-I. Reaction conditions: P = 1 atm, T = 373 K, XAlkynol ~ 25%.
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Figure 4: XPS spectrum over the Pd 3d region for Pd/ZnO catalyst. Note: Raw data is 
shown as open symbols () while curve fitted and envelope is represented by solid and 
dashed lines, respectively.
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Figure 5: Variation of selectivity (Sj, bars) and transformation rate (R, ) in the 
hydrogenation of (I) MBY to MBE (open bars) and MBA (solid bars) and (II) BY to BE 
(open bars), BA (solid bars) and BONE (grey bars) over a series of oxide and carbon 
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supported Pd catalysts. Reaction conditions: P = 1 atm, T = 373 K, H2:Alkynol molar 
inlet ratio = 4, XAlkynol  ~ 25%.
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Figure 6: (I) Representative medium and high (inset) TEM images with (II) associated 
metal particle size distribution for the activated colloidal bimetallic (A) Pd-Zn/Al2O3 
(95:5), (B) Pd-Zn/Al2O3 (70:30) and (C) Pd-Zn/Al2O3 (30:70) catalysts.
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Figure 7: XPS spectra over the Pd 3d region for colloidal (I) Pd/Al2O3-II, (II) Pd-Zn/Al2O3 
(95:5), (III) Pd-Zn/Al2O3 (70:30) and (IV) Pd-Zn/Al2O3 (30:70). Note: Raw data is shown as 
open symbols () while curve fitted and envelope is represented by solid and dashed lines, 
respectively.
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Figure 8: Variation of selectivity (Sj, bars) and transformation rate (R) in the 
hydrogenation of (I) MBY () to MBE (open bars) and MBA (solid bars) and (II) BY () 
to BE (open bars), BA (solid bars) and BONE (grey bars) over colloidal Pd/Al2O3-II and 
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a series of bimetallic Pd-Zn/Al2O3 and (physical mixtures) Pd/Al2O3-II+Zn/Al2O3 
catalysts. Note: dashed lines provide a guide to aid visual assessment. Reaction 
conditions: P = 1 atm, T = 373 K, H2:Alkynol molar inlet ratio = 10,  XAlkynol  ~ 25%.
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Figure 9: Hydrogen temperature programmed desorption (H2-TPD) profiles for (I) 
Pd/ZnO and (II) Pd-Zn/Al2O3 (30:70) and (III) Pd/Al2O3-II.
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